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The intermediate quarkonium state X2( 3 f2) in electron-positron annihilation to proton and an- 
tiproton as well as in antiproton-proton annihilation to electron and positron can produce backward- 
forward asymmetry, when populated through two photon exchange. We use the dispersion relation 
method, which permits to express the asymmetry in terms of partial widths of quarkonium decay. 
The asymmetry dependence on the center of mass energy in the range near the resonance is pre- 
sented. The comparison with a similar effect in these reactions with the neutral Z-boson in the 
intermediate state is given. We show that these effects are < 1(T 3 . The main source of asymmetry 
is of pure QED origin (~ 10~ 2 ) which arises from the interference between initial and final state 
real photon emission. 



I. INTRODUCTION 



In a recent paper [l[ it was proposed that a large C-odd effect could arise in the electron-positron annihilation into 
a hadron pair through two photon exchange which couple to resonances such as $ = 77, r]c, X01 X27 Pi a i- I n one loop 
level, taking into account the two-photon intermediate state (Figs. 1(a) and 1 1(b) I, there is the possibility to access the 
1 Sq, 3 Pq,J*P2 quarkonium intermediate states, which are bound states of charm quark and antiquark. It was shown 
in Refs. [11,0 that the contribution to the asymmetry arising from the intermediate states 1 S'o, 3 Pq is proportional to 
the ratio of the electron mass to the proton mass and it is negligible. The intermediate state with quantum numbers 
3 P2(3556) = X2 can be produced by two virtual photons, which arise from the annihilation subproccss of electron and 
positron. In Ref. [l[ this contribution to asymmetry was calculated and it was indicated that it is responsible for a 
large asymmetry, which can reach up to 40%. In this case, two photon exchange would be experimentally observable 
in present and planned experiments. 

In principle two photon exchange is suppressed by the factor a = 1/137, the electromagnetic fine structure constant. 
Therefore, specific mechanisms should be advocated, which can compensate such suppression. 





e+ P P e+ 

(a) (b) 
FIG. 1: Feynman diagrams of processes e + + e~ — > p + p and p + p — > e + + e~ with quarkonium intermediate states. 
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e+ P P e+ 

(a) (b) 

FIG. 2: Feynman diagrams of processes e + + — > p + p and p + p — > e + + e~ in Born approximation. 

In this note we recalculate the excitation of the \c2 resonance, through two photon exchange, and show that the 
asymmetry in this case does not exceed level of 10~ 3 . We compare this value with the asymmetry generated by 
Z-boson exchange, which we find also of the order of 10~ 3 , and by the asymmetry of pure QED nature, due to the 
interference of photon emission in initial and final state [3], which turns out to be the most important source of 
asymmetry (~ 10~ 2 ). 

II. BORN APPROXIMATION 



At the facilities VEPP (Novosibirsk), BEPC (Beijing), and PANDA/FAIR (Darmstadt), one can measure the 
process of creation of proton and anti-proton in electron-positron annihilation: 



e+ (<Z+) + e (<?-) -+p{p-) + p(p+) 
and the process of annihilation of proton and antiproton into electron and positron 

P(P-)+p{p+) -> e + (q+) + e~(q-) 



(1) 



(2) 



in the energy range of the mass of the quarkonia bound states of charmed quark and anti-quark. In Born approximation 
the amplitude of these processes has the form (see Figs. 2(a) and 2(b) ): 



M, = — [v(q + )ru(q-)} [«(p + )r„(g)«(p_)] 



(3) 



where q = p + + p- = q + + s = q 2 and electromagnetic vertex of the proton r /i (g) is parametrized in terms of two 
form factors: 



T ll (q)=^F 1 (q 2 ) + 



1 



4M„ 



-7^)^ 2 (9 2 ), 



(4) 



where F\ and are the Dirac and Pauli form factors of the proton in the time-like region of momentum transfer 
(q 2 > 4M 2 ) which related with the Sachs electric and magnetic proton form factors as 



Ge = Fi 



AM 2 



F 2 



Gm — Fi + F 2 . 



The square modulus of the matrix element ([3]) has the form 



J2 |A^ 7 | 2 = 4(4™) 2 [|G M | 2 (l + c 2 ) + (l-/3 2 )|G £ | 2 (l- C 2 )], (3 = d 1 - 



4M 2 



(5) 



(6) 



where (3 is the proton velocity and c = cos 9, 9 is the angle between vectors q_ and p + in the center of mass system 
of the initial particles. The cross sections of processes ([TJ and ([2]) in Born approximation thus has the form: 



daPP- 



dc 



= ——y\M 

8s/3 16tt ^ 1 



2 

71 ' 



da e+e ^pp ^ i p 



dc 



(7) 
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FIG. 3: Feynman diagrams of the conversion of \2 tensor particle into fermion-antifermion pair. 



The interference of the Born amplitude M. 1 from ([3]) with a single photon in the intermediate state with the amplitude 
with quarkonium in the intermediate state (see Figs. 1(a) and 1(b) I originates backward- forward asymmetry 



A 



dcr(c) — da(—c) 



da(c) + da(—c) ' 

where da(c) = da/dc is the angular dependent cross section. Let us estimate this asymmetry. 



(8) 



III. ASYMMETRY FROM X 2 : APPROXIMATION OF PARTIAL WIDTHS 



The amplitude of the processes (|T|) and © with the \c2 intermediate state corresponds to the diagrams on Figs. l(a] 
and 1(b) and can be written as: 



s-Ml+iM X2 T X2 



(9) 



where we used the "partial width" approximation which is acceptable within the x C 2-resonance intermediate state 
vicinity.The matrix elements Ai Xc:2 ^ e + e - and A4 x< , 2 ^ p p describe the conversion of \2 tensor particle into the electron- 
positron and proton-antiproton pairs correspondingly. This type of matrix elements can be parametrized in the 
following way (see Fig. ED: 



M, 



(10) 



where gj is the corresponding coupling constant and x M „ is the polarization tensor of J = 2 state, which has the 
following properties: 



x^ = Xu», x^g^ = o, x^ L = o, 

l l 

XtivX\o = - (n^An^cr + n^o-ir^A) — ^n^n^o-, 



(ii) 



n Q( 3 



<Z 2 ' 



The decay width which corresponds to the amplitude M. X2 ^jj has the form 



r 



X2 ^ ff = 1207T 



$(5 - 20f), P f 



1 



where /3t is the velocity of final fermion /. In particular 

r 

-L V o — ? I ) 



^ — ^/? 3 (5 - 2/3 2 ), 



Amj 



Q 2 M 3 



1207T 



X2->ee 



40tt 



(12) 



(13) 



Keeping in mind possible complexity of the product g e g P = |<7effp| e 1 ^) we can write the interference of Born amplitude 
M-y (see (J3|)) with the amplitude M X2 from ([9|) which gives the following result: 



i . .in n ^ r,«i> i 32m ^v 2 , y cos <f> + sin < 



l 



■/3c(l-/?V), 



(14) 
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where y is the convenient variable which vanishes at the resonance region: 



s - Ml 

v = t^^- (is) 



M X2 T X2 



Thus we can estimate the asymmetry A x from ((5J) as 



ycos0 + sin</> /3c(l - /? 2 c 2 ) Igeffyl Mg 2 

■ 4x= - 4 ° y 2 + l 2-/? 2 (l-c 2 )' - 40 " Trar ' (16) 



X2 



where we used point-like proton approximation [F\ = 1, F2 =0). 

Unfortunately the partial decay width of the decay of \2 state into the electron-positron pair as well as the phase 
<t> is not known. Below we will calculate these phases in approximation of two photon and two gluon intermediate 
state mechanisms, for the conversion of \2 into electron-positron pair and into proton- anti-proton pair. 



IV. TWO PHOTON AND TWO GLUON INTERMEDIATE STATE APPROACH 



Our approach for evaluating the conversion amplitudes consists in the calculation of their s-channel discontinuities 
and in the restoration of the whole amplitude by means of dispersion relations. In this way we can express the results 
in terms of the experimentally measurable partial width of conversion of xi tensor meson state to two photons and 
to hadrons. 

We use the partial width approximation for the total amplitude M. x again © and calculate the imaginary part as: 

A|JW|f nt = 2^Re[M;AJW X2 ]. (17) 

spins 

The amplitudes M Xc2 ^ e + e - and Ai x< . 2 ^ p p are estimated in the approximation of two photon and two gluon interme- 
diate state mechanisms: 

M Xc2 ^ e+e - = 4(47ra) 2 g 7 x Q/3 T ct(3A 

■ M -Xc2^pp = 4(4na s )ggC co ix fl uR f tu\ (18) 

where the dimensional constants g 7 ,g 9 describe the conversion of 3 P 2 state to two photons and two gluons. In Eq. 
(|18p we include the color factor Ic co i = 3(l/2)5 ab t a t b = 21, where I is the unit matrix in the color space, which 
describes the interaction of two gluons with each of the quark of the proton. Moreover we define: 



T a/ 3\ = -Spq-jxq+Oap, 



°a/3 = J d$2-^—j^K a f) p(T ~/ p (q_ - fci) 7CT ; 
R^x = \sp(p- - M p )Tx(p- - M p )0%, 

%, = J d9 2 -^-j-K liVfKr 'r P (p + -k+ M p ) la , (19) 

with 

K a i3 P< j = (hk 2 )g acr gp p + ki a k 2 pg p<J - ki a k 2(7 g p p - ki p k 2 pg a a- (20) 
The corresponding matrix elements and the partial widths are 

M 2l = g 1 K pva pXape'{(k 1 )e lJ l {k 2 ), 



X2 ^ 77 ~ 320vr : 



M gg = g g ^ ahK pvapXafizT(k\)e^ 



g n M^ 

p — Zl x foil 
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Keeping in mind the duality principle, we assume that the \i ~~ ^ hadrons decay goes through two gluons at the 
leading order of a s . Thus we can identify T X2 ^2gluons with the hadronic width of 3 P 2 state 

T X2 ^ gg = 0.8T total = 1.6 MeV, T X2 ^ 77 = 0.2r totQ , = 0.4 MeV, (22) 

where the factor 0.8(0.2) takes into account the proportion of the hadronic (photonic) decay channels of \2 [II- This 
gives 

g-y = 3.3857- 10~ 4 GeV _1 , g g = 0.13 GeV" 1 . (23) 

The phase factor e 1 ^ is defined as e 1 ^ — e l ^" + ^ v ^ where e 1 ^' and e l ^ p arise respectively from the amplitudes M Xc2 — > 
e + e~ and M. Xc2 — > pp. 



A. Two photon intermediate state to the vertex \2 — > ee 



For discontinuity of amplitude of conversion of the tensor state to the lepton pair through two-photon intermediate 
state T we obtain 



1 



1 



A s T a /3\ = kxag 1 / d$ 2 —— zK a p ap -Sp f_l\f + l P [f_ ~ 1, 



'2(fcig_ 

Performing the integration on two photon volume 



d<$> 2 = 



d 3 kid 3 k 2 , i( , , , 
;d (q - ki - k 2 ), 



2wi2w 2 (27r) 2 



we obtain (see details in Appendix [3} 



•5 a 



M 



T a p\ = -=r9~i In — y ~ ™ t^P 



72tt 



in- 



(q+ -q-)p- 



(24) 



(25) 



(26) 



We can conclude that the phase associated with conversion to two photons e is small 

n 



tg<t> e 



M 2 

In -3? 



= 0.17. 



(27) 



So we assume further the conversion amplitude of 3 P 2 state to the lepton pair to be real (i.e., e « 0). 



B. Total discontinuity, real part and asymmetry 

After conversion of tensor structures, omitting the phase associated with lepton part of the amplitude and performing 
the angular integration (see Appendix [B]) we obtain for the total discontinuity (we are interested only in the odd part 
of the contribution) 



10tt 
~27~ 



Ml 



\M\t nt = ^a s {Ml 2 g igg )\n'^ 



m\ (s-M2 )2 + M 2 r2 



[(s-M^)H odd + M X2 TG odd \ 



Godd — 



-34/T - 6f3 3 + 54/3 2 - 18 + 9 



2\3, 1 



■L 



54^ 4 + 10/3 3 - 6/3 2 + 30 + - (4/3 5 - 6f3 3 + 7(3 — b) L 



L = In 



l+(3 
1-/?' 



(28) 



where we used the approximation of point-like proton (i.e. F\ = 1 and F 2 — 0) which is realistic near the threshold. 
The real part, corresponding to G odd , can be found using the dispersion relation (see also comments in Appendix IB"]) : 



H odd {(3, c) = 



2tt 



GoddiP, c) In 



1-/3 2 



2xdx 
x 2 ~(3 2 



-G odd (/3,c) +G odd {x,c)) 



(29) 



6 



D(s,cos(0)) 
30 r 




FIG. 4: The numerical estimation of the quantity D(y, cos(#)) (see ()30[)) as a function of y within the region corresponding to 
M x - 3r x < < M x + 3r x . The solid line corresponds to 9 = 10°, dashed line — 9 = 30°, dotted line — 9 = 50°. 



Setting Fi — 1, F2 = 0, we obtain for the asymmetry 



For the global phase we have 



Ax = MD , D = ^±^_J_ ?; , (30, 



c) p = arctan ^ odd ^> c | _ (32) 



H dd(P, c) 



For the value /3 = 0.85 which corresponds to the yfs — M x we find A x ~ 5 ■ 10 -4 . The quantity D as function of y, 
as defined in Eq. 1151 is shown in Fig. [4]fbr different values of c, c = cos(q_p+ ). This quantity reaches its maximum 
value at the top of the resonance, where y = 0. The angular dependence of the quantity D is shown in Fig. [5] for 
different values of the total energy. One can see that D is largest at backward and forward angle, and rapidly falls 
when deviating from the top of the resonance. 

The total phase <f>, Eq. (1511) is of the order of —90° and shows a very weak dependence on the energy, see Fig. [51 

The angular dependence of the total phase (f>, Eq. (pTTj) . is illustrated in Fig. [7J 



V. Z-BOSON AND QED CONTRIBUTIONS TO THE ASYMMETRY 

For comparison we calculate the contribution to the asymmetry arising from the interference of two Born amplitudes, 
with photon and Z boson intermediate states (we set here F\ = 1, F 2 = 0): 

Az=A^z(c) 1 (32) 

where 

^-^^.W)""- 10 -' a,vs=M " (33) 

•'(c) = 2 _ P %_sy («) 

with 9w is the Weinberg angle, sin 2 Oyy ~ 0.231. The odd function ^z(c) is shown in Fig. [SJ One can see that this 
contribution, Az never exceeds 10~ 3 . 
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D(s,cos(60) 




FIG. 5: The numerical estimation of the quantity D(y,cos(8)) (see (|30[0 as a function of c = cos 6 for point-like proton (i.e. 
F\ = 1, Fa = 0). The solid line corresponds to yfs = M x , dashed line — yfs — M x — F x , dotted line — \fs = M x — 2T X . 




FIG. 6: The numerical estimation of the quantity (j>(s) (in degrees) (see (|3ip ) as a function of y within the region corresponding 
to M x - 100r x <*/s<M x + 100r x . The solid line corresponds to = 10°, dashed line — = 30°, dotted line — 8 = 50°. 



Besides the two considered sources of the asymmetry, there is also a pure QED source, Aqed- The total contribution 
to the odd part of the cross section was previously considered in Refs. The angular dependence of the asymmetry 

corresponding to this calculation, is plotted for *Js — M x in Fig. |9] The dashed curve corresponds to the interference 
of the Born amplitude with the box ones, and it is very small. The dominant contribution arises from the soft and 
hard real photon emission from initial and final states (solid line). 



VI. CONCLUSION 



We have calculated the charge asymmetry A for the reactions pp O e + e~, in the region of the \i resonance, due 
to different mechanisms: two photon exchange A x , Z-boson exchange, Az, and the pure QED mechanism, Aqed- 
Our conclusion is that 

IS" 2 ~\A Q ED\>\Az\>\A x \~10~ i . (35) 
We have focussed to the energy region concerned by the formation of the \2 resonance, because in a recent paper, 
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0(y,cos(ff)), Degrees 




FIG. 7: The numerical estimation of the quantity *t(c) (see (|3ip ) as a function of c = cosf? for y^s = M x and F\ = 1, Fa = 0. 
The solid line corresponds to yfs = M x , dashed line — yfs — M x — 10F X , dotted line — y^s = M x — 100r x . 

*z(c) 
0.6 r 




-0.6 L 

FIG. 8: The numerical estimation of the quantity ^z(c) (see (|34l) ~) as a function of c = cos 9 for ^/s = M x . 

Ref. it was suggested that two photon exchange could make such asymmetry as large as 40%, depending strongly 
on the relative phase between electric and magnetic form factors. Such phase was not fixed by the calculation and 
the results were given for any possible value of the phase. 

Our results do not confirm such finding. We estimated this phase within a model which describes the \2 - > VP 
vertex with two gluon intermediate state which is assumed to saturate it. We show, indeed, that this asymmetry is 
maximum at the resonance, and at forward/backward angles, but its value keeps small (~ 10 -4 ) due to the smallness 
of the constants. The coupling constants are expected to be small because such resonance is very narrow. 

The possible reason of the discrepancy with Ref. [l| can be related to the different description of the vertex \2 — > PP- 
In our case two gluons insure the strong interaction nature of this vertex, which is proportional to a s . 

Let us note that the asymmetry measured in the process pp e + e" , as accessible at the PANDA (Darmstadt) is 
expected to be the same as in e + e~ — > pp, which can be measuured at BES (Beijing), as well as at VEPP (Novosibirsk) 
and DAFNE (Frascati). 
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FIG. 9: Angular dependence of QED asymmetry in the \2 resonance region: interference Born-box amplitudes (dashed line), 
soft and hard real photon emission (solid line). 
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Appendix A: The integrals for the amplitude of conversion of the X2( 3 -P2) state into a lepton pair 

Let us derive the relevant integrals the amplitude of conversion of the X2( 3 -p2) state into a lepton pair. 
The phase volume of the 27 intermediate state can be written as: 

(2tt) 2 J Auj 1 uj 2 (2Try 

^6(^-2^=-^- f^l. (Al) 



16tt 2 vv ; 16tt./ 2tt 

1 



Keeping in mind that 2 (q-k) = (s/2)(l — /3c) and that / Tp = / dc, we define: 

-1 



f dQ 1 

J 2tt 2q~k {^^M^M^a} = { J ; a 9-M + 



a B 9\xv + a — q-^<l-v + o-qq%<lv + aq-iq^q-y + q-^q v ); 

ag-(sV2-A + 9p.\q» + g^xq-fj.) + a gq (g^ v qx + g^\q v + g V vq^) 

+ a g_ M g_„g_ A + a qqq q^q v q\ + a — q (q-^q-„qx + q-^q v q-\ + q^q-„q-x)+ 

a-qqiq-^qx + q^l-^qx + q^q-x)} ■ (A2) 

The calculation leads to: 

2 s 4 2 

J=-ln— ; a = I--; p = -; 

s rrig s s 

1 6 1 

a g = --; a — = I ; a qq = a q - = -; 



2 1 4 4 2 2 

-; a gq ---; a___ - 7 + — ; a qqq - — ; a__„ - --; a_„ - -. 
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Using these expressions one obtains: 



1 



A s v{q+)0^u{q-) = Jq^YI 



dQ 1 



16tt ^ J 2?r 2(q_fc) 

spins 



x [(fei^e^e^ + (eie 2 )fcifc^ — (eifc 2 ) — fc 2 ei(e 2 fci)] = 
1 



16?r 
5 

72^ 



[«(g + )7 M u(g_)] q- v [s(I - 2a) - Aa g _ + sa — + sa q - + 2a g 



Performing the summation on the polarization states of P 2 quarkonium we obtain: 



Y J s p [f+M-^v] ® ^ s p [(f+ + m p) 7a (p_ - m p ) r„ 



Pes 2 Ml 



F t 



4M p 2 



1 
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(A4) 



(A5) 



Appendix B: The angular integrals for proton tensor 

The angular integrals used for description of conversion of 3 P 2 state to proton and antiproton are reported here: 



7^5 > {1; (1 ~ 02); (1 - c 2 ) 2 ; (1 - c 2 ) 3 } = {J ; Ji; J 2 ; J 3 } , 
7T 1 - OC\ 



2n(l-0a) 



where 



dfii = dc\<j)\\ ci = cos(k!p + ); c 2 = cos(kiq_) = cc\ — ss\ cos^i; c = cos(q_p + ). 
The result of integrations is 

r 1 t t i 



Ji = 



dc\{l — cci) 
l-0ci 



d Cl [(l-c Cl ) 2 + (l-c 2 )(l~c 2 )/2] 
l-/3c x 



(Bl) 



d Cl [(l-c Cl ) 2 + 3(l- C 2 )(l- C 2 )/2] 

l - fa 



(B2) 



Let us note that the integrand in (|B1|) contains factor (1 — /3ci), where is the proton velocity. This factor thus 
determines the lower limit of integration on E\ in the dispersion integral used for real part of amplitude restoration 
(see (Hi): 



OO 

Hodd{P,c) = — I e2 J E2 G dd{E u 

Ml 1 



C ). 



(B3) 
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